To analyze regional differences in the activity of glutamate dehydrogenase in rat liver in situ, we developed an image recording and processing system for monitoring the formation of a colored final reaction product in time. All absorbance measurements of test and control reactions in time in consecutive sections were used to fit the data to a quadratic curve, with the derivative at t = 0 representing the initial velocity of formazan formation. The images of sections incubated for test and control reactions were topographically matched with an affine transformation using the positions of vessels as fiducials. Specific enzyme activity was calculated by subtracting the coefficients representing the initial Histochem Cytochem 1995) 
Introduction
Measurement of metabolic fluxes in living cells or tissues (1) (2) (3) (4) (5) is the method of choice for proper understanding of the regulation of metabolic processes in vivo (for review see 6). However, applications of these methods are still limited because of technical dlfficulties, such as lack of spatial resolution. An alternative approach is the use of unfixed cell preparations (7) (8) (9) or cryostat sections of tissues (10) (11) (12) to analyze in situ enzyme reactions in time as a reflection of metabolic processes. The following requirements must be fulfilled to investigate in situ metabolic processes with a high spatial resolution: (a) methods that ensure valid quantitative measurement of enzyme reactions (13); (b) equipment that can capture two-dimensional (2-D) images of these enzyme reactions in time (8) ; (c) methods that allow the measurement of local substrate concentrations (14J5); and (d) equipment to prepare 3-D models of cell or tissue compartments from series of 2-D images either with confocal scanning laser microscopy (16) or by computer-aided 3-D Correspondence to: Dr. C.J.F. Van Noorden, Dept. of Cell Biology and Histology, Academical Medical Centre, Meibergdreef 15, 1105 AZ Amsterdam, The Netherlands. velocity at corresponding locations in the test and control reactions and appeared to be 8 and 4 pnoles glutamate converted per min per un3 of tissue at 20°C in pericentral and periportal zones of fasted female rats, respectively. Those values are in agreement with biochemical data. The ability to construct two-dimensiond images of c e h h r distribution patterns of enzyme activity in liver lobules is particularly useful for the study of metabolic zonation in this organ. (J reconstruction (17J8) . Existing quantitative histochemical methods for analysis of enzyme reactions in situ must be adapted and modified for such an ambitious approach. At present, quantitative enzyme histochemical methods are usually applied only to demonstrate distribution patterns of enzymes in tissues or cells, because the reactions are usually performed at optimal substrate concentrations to guarantee zero-order reaction rates (10). Thus far, kinetic studies have been performed almost exclusively with scanning and integrating cytophotometry (for review see 19) . This method allows accurate measurements of enzyme activity, but only in one area per tissue section. Therefore, the construction of 2-D images of enzyme reactions in tissues is extremely time-consuming and fragmentary. To date, no research groups have used image analysis to monitor enzyme reactions in tissue sections to its full potential. Markovic et al. (10) analyzed activity of myeloperoxidase, esterase, and phosphatases in individual leukocytes in this way (for review see 8). Thus far, image analysis was used as an automated version of a cytophotometer to perform endpoint measurements after a set incubation time (20) (21) (22) (23) (24) (25) (26) . However, specific enzyme reactions may or may not be linear in time (11, 12, 27, 28) . Linearity may be disturbed when the product that is formed begins to inhibit the enzyme reaction. For example, lactate oxidation by lactate de-Y , I I 1 I hydrogenase is inhibited by pyruvate that is formed during the enzyme reaction, causing a non-linear reaction rate (29) . Therefore, analysis of initial reaction rates is essential to obtain valid information about local enzyme activity.
In this article we describe the application of image analysis and processing to monitor in 2-D initial reaction rates of glutamate dehydrogenase. Subtraction of nonspecific formation of final reaction product (7.10) was performed to obtain a map of specific dehydrogenase reaction rates throughout entire lobules of rat liver. 'Specificity" is defined here as formation of final reaction product that is exclusively attributed to the activity of an enzyme (13).
Materials and Methods
Tissues. Female Wistar rats (approximately 3 months old), fasted for 24 hr, were used in all experiments. The animals were sacrificed by decapitation. Liver tissue was collected in aluminum vessels (Sanbio; Uden. The Netherlands) and frozen in liquid nitrogen. Tissues were stored at -80% until use. Cryostat sections (8 pm) were cut at -25'C on a motor-driven Adamas cryostat (Leersum. The Netherlands) and mounted on clean cover slides. Mounted sections were stored in the cryostat cabinet until use.
Enzyme Assay. Unfixed cryostat sections were allowed to adjust to room temperature (RT 2O'C). Glutamate dehydrogenase (GDH; EC 1.4.1.2) activity was demonstrated using a tetrazolium salt method as was previously described by Kugler (30) . In short, the incubation medium contained 0.1 M Tris-Hepes buffer (pH 8.0). 10% polyvinyl alcohol (PVA; weight average M, 70,000-100,000) (Sigma; St Louis, MO) as tissue protectant (31) . and 225 mM NaCI, 5 mM sodium azide, 5 mM EDTA (Merck; Darmstadt, Germany). 2 mM adenosine diphosphate (ADP) (Boehringer; Mannheim, Germany), 3 mM NAD* (Boehringer), and 5 mM nitroblue tetrazolium salt (NBT) (Serva; Heidelberg, Germany). The medium for the test reaction contained 100 mM L-glutamate (Janssen Chimica; Beene, Belgium). whereas in the medium used for control reactions glutamate was omitted or was replaced by 30 mM a-oxoglutarate (a-OG; Sigma). As product of the reaction a-OG specifically inhibits the deamination of glutamate by GDH (32).
GDH activity was measured at RT by monitoring the formation of formazan during the incubation. Because of the viscosity of the PVA-containing medium. the surface of a drop of medium is convex and acts as a lens when poured onto sections. This may interfere with the measurements by causing stray light. glare, and out-of-focus errors (33). To circumvent this problem, a spacer and cover glass were used ( Figure 1 ). We obtained satisfactory results with stainless steel rings of 0.5 mm thickness (28). The rings were set on cover glasses and filled with the appropriate incubation medium (either test or control medium) and subsequently placed on top of a tissue section at t = 0. Excessive medium was allowed to drain. To accurately estimate the initial reaction velocity, recording was begun as soon as possible (usually at 20 sec after starting the reaction).
Image Analysis and Pnmssing. Recording of enzyme activity took place with the use of a Zciss Axioplan microscope with a x 2.5 objective (NA 0.075). The specimen was illuminated with white light from a stabilized power supply, filtered by an infrared blocking filter (33) and a monochromatic filter of the isobestic wavelength (585 nm) of NBT formazan. At this wavelength, contributions to the absorbance of both mono-and diformazans are recorded correctly (34). The recording was performed using a Photometrics cooled CCD camera with 12-bit digital output (Photometrics; Tucson, AZ). Sampling intervals lasted for 20 sec during 4 min of measurement. The area sampled with the image analysis system was covered by 480.000 (800 x 600) pixels and each pixel represented an area of 2.7 x 2.7 pm of the section. The digital images were stored in a personal computer for the time of the experiment and were later transferred via an ethemet to a Sun Sparc I + (Sun Microsystems Nederland; Amersfoort. The Netherlands). The time interval recording of images was performed using a homemade macro in a macro interpreter program (PMIS Phorometrics). Images were kept on disk for off-line analysis and also stored on tape for archival purposes. The programming environment of the image processing pack-1 Neutral density filter value Results Figure 2 shows that the absorbance values, as determined with our CCD camera, were similar to those obtained with a Vickers cytophotometer up to absorbance values of at least 1.2. The Vickers system was taken as gold standard (19) . GDH activity in livers of fasted female rats showed both a distinct localization in the cytoplasm of hepatocytes and a lobular heterogeneity, with highest activity in pericentral zones ( Figures 3A  and 3B ). The "nothing dehydrogenase" reaction (36) was demonstrated in consecutive sections with media in which glutamate was omitted or replaced by a-OG. It appeared to be rather low and homogeneously distributed in the lobules (Figures 3C and 3D ).
During the entire incubation period of 4 min. test and control reactions were non-linear with time and the rates decreased continuously ( Figure 3 ). Subtraction of control values from test values resulted in non-linear test minus control responses ( Figure 3E ). However, the test minus control was considered to be specifically caused by GDH conversion of glutamate, because a-OG completely inhibited this test minus control reaction ( Figure 3D ).
Subtraction of control from test reactions required that correc '3 sponding areas in sections incubated for test and control reactions were matched adequately. This requirement was approached by using consecutive sections ( Figures 4A and 4B ). Matching of two consecutive sections was accomplished by affine transformation (17, 37) . Easily identifiable structures in sections, such as vessels, were used as landmarks (fiducials). Three corresponding pairs of points (forming the matching triangle) were identified ( Figures 4A and 4B ). Matching or "registration" of the images was performed by transformation of the control image ( Figure 4C ). Figure 4D is the result of subtraction of the image in Figure 4C from that in Figure 4A .
The continuous decline of the reaction rate of GDH was a complication for the determination of the initial reaction rate. In such cases, endpoint measurements are not allowed because of underestimation of the rate. We have addressed this problem by mathematically fitting a curve through the data points. Absorbance as a function of incubation time t was best represented by the quadratic function f(t) = at2 + bt + c; it resulted in the best systematic fits on the basis of least-square curve fitting ( Figures 3B-3D ). Images such as those shown in Figures 4A and 4B to this function. After matching the function for both test and control reactions. the %, bc, and Q of the best fit of the control reactions were subtracted from at, bt, and ct of the best fit of the test reactions, respectively. (In function theory, it is known that if f(x) = aix' and h(x) = bix', then f(x)h(x) = (ai -bi)x' for polynomials.] The initial rate was deducted from the resulting function because this rate was represented by b, the first derivative at t = 0 (ff l'(0) = b a represented the time-dependent deviation from the initial velocity and c the absorbance at t = 0).
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Distribution of GDH Activity in Liver LobuLes
By applying the law of Lambert-Beer (A = E.c.d) to the coefficient b of the net reaction rate as an estimate for the initial velocity (for example, in area No. 1 in Figure 3A . b = 0.12 per min, whereas E = 16.103 l.mole-'.cm-' and d = 8.10-4 cm), an activity of 8 pmoles glutamate converted per min per cm3 of tissue at 20°C was found for this pericentral area. The activity in periportal areas (No. 2 in Figure 3A ) was 4 pmoles per min per cm3 of tissue. The zonal distribution pattern of GDH activity in liver lobules of fasted female rats was recorded by gray level reduction along with a smoothing operation, resulting in an isoactivity image (Figure 5 ) . Our approach allows the estimation of specific enzyme activity in each individual pixel. Therefore, activity per individual hepatocyte can be determined because the pixel size was 2.7 x 2.7 pm2 = 7.3 pm2. whereas the average surface area of single hepatocytes is 600-1000 pm2 (38), i.e., 80-140 pixels. Furthermore, enzyme activityprofiles from portal to adjacent central veins were made with the correctly matched parts of the images. An example of GDH enzyme activity along the portocentral distance is shown in Figure  3F . Figure 6 shows the size of individual pixels in relationship to the size of individual hepatocytes. It is demonstrated here that measurements are not disturbed by distributional errors due to a toolarge size of the pixels in relationship with the microscopic objects measured (33). I j"
I.:
Discussion
Our image analysis system allows continuous measurement of enzyme activity in large areas of cryostat tissue sections without loss of spatial resolution due to a too-large pixel size ( Figure 6 ). which may also cause distributional errors in the measurements (33). The continuous measurement of the formation of final reaction product of an enzyme in time is essential to enable estimation of initial reaction rates of non-linear reactions. Gray level values obtained with our set-up, either by scanning neutral density filters or by scanning a section area, were converted into absorbance values, and these values were similar to those obtained with scanning and integrating cytophotometry (Figure 2 ). Therefore it can be concluded that errors in absorbance measurements with image cytometry (33) were avoided. An area covered by 800 x 600 pixels and a dynamic range of 12 bits (4096 gray levels) were achieved with our cooled CCD camera. A dynamic range of 12 bits makes such a CCD camera cytophotometer.
The method Presented here enables the study of metabolic processes in intact tissue sections. Therefore, it seems to be supe-comparable in sensitivity to the gold standard, the Vickers rior to existing methods for study of metabolic heterogeneity in liver lobules (for reviews see 38-40. such as microdissection and microchemical analysis (41). selective zonal damage after anterograde or retrograde perfusion of the liver with digitonin and subsequent analysis of perfusates or isolated hepatocytes (42-45). or cytophotometry with scanning and integrating devices (6).
The only analysis of enzyme reactions in time with an image analysis system reported thus far was that of Markovic et al. (9) . Their study of myeloperoxidase activity in individual leukocytes also demonstrates non-linearity of the test reactions. However, control reactions were not performed. An initial lag phase was observed, apparently caused by poor permeability of membranes in intact cells (46) and the time needed for crystallization of the final reaction product (47). These phenomena do not occur in our system because cell membranes are not a barrier in cryostat sections and formazan formation by reduction of tetrazolium salts such as (tetra)nitro BT is very rapid (11.48). The histochemical method allows calculation of units of enzyme activity per unit volume of tissue because formation of final reaction product is linearly correlated to section thickness up to 12 pm (12).
Specific reaction rates are usually determined by subtracting absorbance values of reactions performed in the absence of substrate from those obtained in the presence of substrate (7.11.12.19) . Formation of final reaction product in control reactions, the socalled "nothing dehydrogenase" reaction, is attributed to the conversion of endogenous substrates by any dehydrogenase present in sections and by sulfhydryl groups that reduce tetrazolium salts (11, 12, 19, 20, 32, 49) . The control reactions in the absence of glutamate ( Figure 3C ) and in the presence of a-OG ( Figure 3D) were similar. Therefore. we conclude that the test minus control reactions were specific for GDH activity ( Figure 3E ). Moreover, it can be concluded that a-OG did not stimulate NADH formation in rat liver because the control reaction in the presence of a-OG was similar to the reaction in the absence of any substrate.
When series of consecutive sections were alternatively incubated in the presence or absence of glutamate, variation of less than 5% between calculated test minus control reactions were obtained for each set of test minus control reactions in one lobule. This means that activity patterns within one lobule are rather constant. Butcher and Van Noorden (11) found this also for glucose-6-phosphate dehydrogenase activity patterns in rat liver lobules.
Most calculations of enzyme activities in sections are based on the assumption of linearity of the initial reaction rate. However, the reaction rates of GDH in rat liver were found to be non-linear. An important advantage ofour method to describe in situ enzyme reaction rates is the use of all data points obtained during the incubation period (Figure 3) to estimate initial velocities. This approach is particularly useful when the rate of formation of the precipitate is non-linear during the experiment. Our finding that the observed data points for the reaction of GDH can be fitted with a quadratic function leads to an unexpectedly simple procedure to derive the initial rates of this enzyme reaction from this equation. In principle, any reaction mechanism can be modeled by an appropriate mathematical function, and an accompanying initial reaction rate can be deduced from the derivative of that hncrion at t = 0.
The registration of the reaction rate at all sites in one or more lobules allows the use of the last images in a time sequence, i.e., the images with the highest contrast ( Figures 3A, 4 and 5) . to match test and control measurements for automatic 2-D subtraction and to calculate specific enzyme activity. The application of an image analysis system for calculating net reaction rates by mapping and subtracting "images" consisting of coefficients of curve fits allows quick and correct calculation of initial velocities in the entire image. After the reaction has been completed, areas of particular interest can be identified for further analysis. This is in contrast with traditional scanning and integrating cytophotometric registration, where before the start of the reaction a selection of an area to be measured must be made (lOJ9). As an example, profile plots of enzyme activity along the portocentral axis can be made ( Figure 3F ). The profile obtained for GDH activity in liver lobules of fasted female rats is in agreement with earlier published results. Wimmer and Pette (50) found a 1.4-fold higher activity in pericentral zones than in periportal zones in unfixed cryostat sections of rat liver as detected with a cytophotometric method. The mean activity of 8 and 4 pmoles glutamate converted per min per cm3 of tissue at 20°C in pericentral and periportal zones, respectively, was in line with biochemical data (51.52) when the 30-40-fold difference in reaction rate constants for deamination and amination was taken into account (53).
The generation of 2-D distribution patterns of enzyme activity ( Figure 5C ) greatly facilitates the study of regional metabolic heterogeneity of tissues and is a prerequisite for subsequent 3-D reconstruction. This is a particularly interesting possibility for the study of periportal and pericentral distribution patterns of enzyme activities in liver lobules, as these distribution patterns are at the heart of a recent debate on the acinar and lobular nature of the liver unit (18) and the significance of metabolic zonation in this organ (38, 3934) .
Despite the good performance of the present set-up of our image analysis system, our study has identified an area in which further improvement is possible. The use of an inverted microscope would enhance the quality of the image of the section because the incubation medium would no longer be in the light path between objective and section, thus avoiding blur and allowing a better spatial resolution. This improvement, as well as the possibility for 3-D reconstruction of metabolic processes in liver lobules (18.55 ) and analysis of kinetic parameters of enzymes in situ, such as affinity for their substrates and maximal velocity (6, 24, 56) , is under study in our laboratory.
